A GING in skeletal muscle is characterized by a progressive decline in mass and force generation along with increased susceptibility to injury, oxidative stress, and infl ammation ( 1 -9 ). Indeed, Baldwin and colleagues ( 9 ) reported that anti-infl ammatory therapy attenuated muscle injury, strength loss, and soreness following eccentric exercise in older individuals. Two expanding branches of Denham Harman ' s " free radical theory of aging " ( 10 ) are the " infl ammatory hypothesis of aging " ( 11 , 12 ) and the " iNOS theory of aging " ( 13 ). These theories are largely based on direct relationships between chronic elevation of iNOS (i.e., inducible nitric oxide synthase) and other infl ammatory proteins with the age-related decline in function of the brain, kidney, and heart ( 11 -13 ).
A GING in skeletal muscle is characterized by a progressive decline in mass and force generation along with increased susceptibility to injury, oxidative stress, and infl ammation ( 1 -9 ) . Indeed, Baldwin and colleagues ( 9 ) reported that anti-infl ammatory therapy attenuated muscle injury, strength loss, and soreness following eccentric exercise in older individuals. Two expanding branches of Denham Harman ' s " free radical theory of aging " ( 10 ) are the " infl ammatory hypothesis of aging " ( 11 , 12 ) and the " iNOS theory of aging " ( 13 ) . These theories are largely based on direct relationships between chronic elevation of iNOS (i.e., inducible nitric oxide synthase) and other infl ammatory proteins with the age-related decline in function of the brain, kidney, and heart ( 11 -13 ) .
Production of nitric oxide ( • NO) as well as presence of NOS isoforms in skeletal muscle were fi rst identifi ed by Balon and Nadler ( 14 ) and Kobzik and colleagues ( 15 ) , respectively. Production of • NO at low levels by the Ca 2+ -dependent constitutive isofoms neuronal NOS (nNOS) and endothelial NOS (eNOS) is involved in regulating skeletal muscle contractions, blood fl ow, glucose uptake, and metabolism ( 8 , 16 , 17 ) . The nNOS isoform is expressed at higher levels in fast-twitch muscle fi bers when compared with slow-twitch fi bers and is integrated into the cytoskeleton where it is bound to dystrophin within the dystroglycan complex ( 17 , 18 ) . The eNOS isoform is associated with mitochondria in mammalian muscle ( 17 ) . The iNOS isoform is Ca 2+ independent and normally expressed at low levels in skeletal muscle ( 17 ) . However, iNOS can be dramatically increased by proinfl ammatory cytokines, such as tumor necrosis factor alpha (TNF-a ) and interleukin 1-beta (IL-1ß) ( 17 , 19 ) , and the transcription factor nuclear factor-kappaB (NF-k B) ( 20 , 21 ) . Although • NO is integrated into physiological function at lower levels, higher concentrations, longer duration, critical location, and isoform shift can contribute to formidable pathology ( 17 ) . The biphasic and dual nature of • NO may explain its ability to act in both protection and pathology.
A series of studies indicate that overproduction of • NO and iNOS may be involved in muscle wasting, or cachexia, often observed with chronic heart failure, muscular dystrophy, cancer, acquired immunodefi ciency syndrome (AIDS), sepsis, infl ammatory myopathies, and muscle crush injuries ( 20 , 22 -24 ) . Consistent with the earlier fi ndings, NOS inhibitors have been shown to reduce skeletal muscle infl ammation and necrosis ( 25 ) . Muscle wasting is a hallmark of aging, particularly in fast-twitch muscle fi bers ( 26 , 27 ) . However, the mechanisms are poorly understood. In addition, nNOS protein expression in skeletal muscle has been shown to decrease with extreme disuse ( 28 -30 ) .
Elevation of iNOS and upstream infl ammatory proteins such as TNF-a , IL-1ß, and NF-k B have been linked with aging in tissues such as the brain, kidney, and heart ( 12 , 13 ) . Aging also exacerbated the infl ammatory response to lipopolysaccharide (LPS) ( 12 , 31 ) . In addition, Chung and colleagues ( 12 ) found that age-related increases of the proinfl ammatory mediator cytokines, iNOS, and NF-k B in kidney, heart, and brain were reversed with caloric restriction, a consistent model of increased longevity. Furthermore, Kayo and colleagues ( 32 ) reported an age-related selective upregulation of skeletal muscle messenger RNA (mRNA) involved in infl ammation including TNF-a , IL-1ß, cytokine receptors, and NF-k B. However, the effect of aging on iNOS protein and activity levels in skeletal muscle is unknown.
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A change in the balance or ratio between iNOS and other isoforms has been proposed to occur with aging ( 8 , 10 ) . In this model, aging increases iNOS/nNOS ratio, implying a shift from a function of contractile to infl ammatory role. Unfortunately, only limited data exist describing age-related changes in iNOS, nNOS, and eNOS levels in skeletal muscle. Capanni and colleagues ( 33 ) reported elevated nNOS protein levels in the gracilis muscle of old Wistar rats. These fi ndings appear to be inconsistent with data from disuse models that indicate a suppression of nNOS expression ( 29 ) . In addition, Richmonds and colleagues ( 34 ) found lower nNOS activity in the soleus (SOL) and extendor digitorum longus (EDL) muscles of old Fischer-344 rats compared with young adults. These discrepancies may be due to differences in rat strain or muscle used, as the gracilis is a small helper muscle, involved in hip adduction and knee fl exion and not signifi cant in locomotion.
Exercise training reduces the risk for injury and infl ammation against mechanical and oxidant perturbations while increasing antioxidant enzyme activities and protective heat shock proteins ( 35 , 36 ). An initial report by Hambrecht and colleagues ( 23 ) demonstrated that iNOS and NF-k B upregulation from heart failure was reversed in skeletal muscle by exercise training. Thus, we postulate that exercise training would reduce iNOS and upregulate constitutive NOS in skeletal muscle in old rats. Therefore, the purpose of this investigation was to test the hypotheses that (a) iNOS protein expression and activity in fast-twitch rat skeletal muscle would be higher in old rats than young, whereas nNOS and eNOS protein and constitutive NOS activity levels would be lower in muscle from old rats; (b) 12 weeks of treadmill exercise training would attenuate age-induced alterations in iNOS, nNOS, and eNOS in skeletal muscle; and (c) age and exercise differences would be larger in white fast-twitch muscle (e.g., white gastrocnemius [WG]) compared with red slow-twitch muscle (e.g., SOL).
Methods
Animals
We used 3-month-old and 24-month-old Fischer-344 rats as our young adult and old groups, respectively, at the initiation of our study. Fischer-344 rats are a common National Institutes of Health (NIH) aging model and have an average life span of 702 days. Animals have been purchased from the NIH colony and cared for at the Comparative Biology facility at Texas A&M University in accordance with NIH and the University Laboratory Animal Care Committee standards. Rats were housed in a temperature-controlled (23 ± 2°C) room with a 12:12-hour light -dark cycle. Water and rat chow were provided ad libitum. One half of the rats in each age group ran for 12 weeks (5 d/wk) on a motorized treadmill for 60 min/d, and the other half served as sedentary age-matched controls: young sedentary controls (YS; n = 10), young trained (YE; n = 10), old sedentary controls (OS; n = 10), and old trained (OE; n = 10). Two of the rats died of natural causes in the OS group but none in the remaining groups. After 12 weeks of exercise training, the young and old rats in each age group were euthanized. At the time of sacrifi ce, rats were 6 and 27 months of age.
Exercise Training Protocol
Rats in the exercise groups ran on a motor-driven treadmill at 15 m/min up a 15° incline, 1 h/d, 5 d/wk for 12 weeks. Rats in the exercise groups were gradually conditioned to perform this level of exercise over the fi rst 5 weeks of the 12-week training program. The intensity was designed to correspond to 75% of VO 2max (maximal aerobic capacity) in the old group ( 37 ) . This exercise regimen has previously been shown to elevate citrate synthase activity, a marker of mitochondrial content, following chronic exercise ( 35 ) .
Tissue Preparation and Experimental Design
Rats were anesthetized with sodium pentobarbital (50 mg/kg i.p.) following the exercise training period in young and old exercise trained and sedentary groups. Animals in the exercise training groups were anesthetized 48 hours following the last bout of exercise training to avoid infl uence of the last acute exercise bout. Preparation of hind-limb muscles followed the procedure described by Lawler and colleagues ( 38 ) . The SOL and gastrocnemius muscles were quickly extracted, weighed, and placed in ice-cold phosphate-buffered saline (PBS; pH 7.4). The white and red portions of the gastrocnemius were separated. The SOL (90% type I fi bers), WG (92% type IIb), and red gastrocnemius (35% type Ila, 51% type I) muscles ( 39 ) were then frozen in liquid nitrogen and stored at -80°C until analyses.
Homogenization Procedure
Gastrocnemius and SOL samples were minced into fi ne pieces and homogenized (20:1 w/v) in ice-cold (4°C) lysis buffer solution (pH 7.40) containing the following: 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 350 mM NaCl, 20% glycerol, 1% Igepal-CA630, 1 mM MgCl 2 , 0.1 mM dithiothreitol (DTT), 0.5 mM ethylenediaminetetraacetic acid (EDTA), 0.1 mM ethylene glycol tetraacetic acid (EGTA), and protease inhibitor cocktail (Roche, Penzberg, Germany). Minced muscle samples were homogenized (20:1 w/v) using a ground glass on ground glass homogenizer (Bellco Biotechnology, Vineland, NJ) at 4°C and then twice centrifuged (4°C) for 10 minutes at 10,000 × g . Total protein was determined using the Bradford technique. SOL samples were prepared for measurement of nicotinamide adenine dinucleotide phosphate (NADP)-specifi c isocitrate dehydrogenase and lipid peroxidation in 100 mM Tris buffer (pH 7.4) with 0.13 mM butylated hydroxytoluene added to minimize oxidation of lipids and proteins during the homogenization procedure.
Western Immunoblot Analysis
Protein expression of iNOS, nNOS, and eNOS was determined by western immunoblot analysis. Separating gel (375 mM Tris -HCl, pH 8.8; 0.4% sodium dodecyl sulfate (SDS); 10% acrylamide) and stacking gel (125 mM Tris -HCl, pH 6.8; 0.4% SDS; 10% acrylamide monomer) solutions were made and polymerization was then initiated by tetramethylethylenediamine (TEMED) and ammonium persulfate. Separating and stacking gels were then quickly poured into a Bio-Rad Protein III gel-box (Bio-Rad, Hercules, CA). Total protein was measured for each skeletal muscle homogenate. Then, 30 m g of protein from muscle homogenates was placed in sample buffer (Tris, pH 6.8 with 2% SDS; 30 mM DTT; 25% glycerol), loaded into the wells of the 10% polyacrylamide gels, and electrophoresed at 150 V. The gels were then transferred at 30 V overnight onto a nitrocellulose membrane (Bio-Rad). Membranes were blocked in 5% nonfat milk in PBS with 0.1% Tween-20 for 6 hours. After blocking, membranes were incubated at room temperature in PBS and the appropriate primary antibodies for 12 hours: iNOS (1:7,500) and nNOS (1:500) were purchased from BD Transduction Laboratories (Lexington, KY) and eNOS (1:200) from Santa Cruz Biotechnology (Santa Cruz, CA). Following three washings in PBS with 0.4% Tween-20, membranes were incubated with horseradish peroxidaseconjugated secondary antibodies (Santa Cruz Biotechnology) in PBS at room temperature for 90 minutes. Following three washes in PBS with 0.4% Tween-20, an enhanced chemiluminescence detection system (Amersham, Piscataway, NJ) was used for visualization. Densitometry (as gray scale relative to background × a rea) was performed using a Kodak fi lm cartridge and fi lm, a scanner interfaced with a microcomputer, and the NIH Image Analysis 1.62 software program. To ensure equal loading of protein per lane, Ponceau-S staining was performed and assessed for each membrane, and the lane background reading was subtracted from each protein blot density. Membranes were reprobed for glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an additional load control marker. nNOS, eNOS, and iNOS levels were equated per microgram protein.
NOS Activity Assays
NOS activity was determined by measuring the conversion of [ 14 C]arginine to [ 14 C]citrulline ( 40 ) . Frozen tissues were homogenized in 6:1 (w/v) HEPES buffer (pH 7.4, 10 mM HEPES, 0.1 mM EDTA, 1 mM DTT, 1 mg/mL phenylmethanesulphonylfl uoride (PMSF) , 0.32 mM sucrose, 10 m g/mL aprotinin, 10 m g/mL pepstatin A). Protein concentration was measured by the Bradford technique with bovine serum albumin (BSA) as standard (Pierce, Rockford, IL). The crude homogenates were assayed using a kit produced by Stratagene (La Jolla, CA). The isolated [ 14 C]citrulline levels were quantifi ed using a liquid scintillation counter. Enzyme activity is expressed in counts per microgram of total protein to quantify total NOS activity. To differentiate between iNOS activity, which is independent of Ca 2+ and calmodulin, and constitutive NOS isoform activity, NOS activity was also measured in the presence of 1.5 mM EGTA and 1.5 mM EDTA in place of CaCl 2 and calmodulin in the reaction buffer, respectively. A negative control for the NOS assay was determined in the presence of 1 mM L-NGnitroarginine methyl ester (NAME) (nonspecifi c NOS inhibitor). Ca 2+ /calmodulin-dependent NOS activity (eNOS + nNOS) was calculated as the difference between activities measured in the presence of CaCl 2 and that measured in the EDTA/EGTA buffer. Ca 2+ /calmodulin-independent NOS activity (iNOS) was calculated as the difference between samples assayed in the presence of EGTA/EDTA and in the presence of l -NAME.
Statistics
One-way analyses of variance with Fisher ' s LSD used post-hoc were conducted to determine the existence of mean differences among YS, YE, OS, and OE groups. The level of signifi cance was set at p < .05.
Results
The effectiveness of the exercise training protocol was confi rmed by increased heart/body mass ratios and increased citrate synthase activities in skeletal muscle. Heart mass/ body mass was increased by exercise training in both young (+18.7%) and old (+16.7%) rats. Citrate synthase activity was signifi cantly lower in the gastrocnemius in old rats, but exercise training signifi cantly increased citrate synthase activity in both the old and the young groups ( Figure 1 ). Exercise training also signifi cantly increased SOL citrate Figure 1 . Citrate synthase activities in the rat gastrocnemius from young (7 months) sedentary (YS), young exercise trained (YE), old (27 months) sedentary (OS), and old exercise trained (OE) groups. " * " indicates signifi cantly different from the sedentary group. " a " indicates signifi cantly different from young controls.
synthase activity in both age groups (data not shown). Muscle mass/body mass ratios in the medial head of the gastrocnemius were 500.9 ± 23.0 mg/kg for YS, 514.8 ± 56.8 mg/ kg for YE, 386.9 ± 30.6 mg/kg for OS, and 407.6 ± 19.5 mg/ kg for OE. In the SOL muscle, muscle mass/body mass ratios were 421.7 ± 33.5 mg/kg for YS, 507.1 ± 87.3 mg/kg for YE, 360.3 ± 44.8 mg/kg for OS, and 418.3 ± 49.2 mg/kg for OE. Muscle mass decreased with age ( p < .01) and trended upward ( p = .13) with exercise training. In a parallel series of experiments ( 27 ) , exercise training resulted in a partial improvement of muscle fi ber cross-sectional area of the tibialis anterior muscle.
Protein levels of nNOS were not signifi cantly altered in the WG of old rats ( Figure 2a ) . However, exercise training signifi cantly increased ( p < .001) nNOS protein expression of WG by 136% in the young group and 279% in the old group ( Figure 2a ) . Exercise training resulted in a significant increase ( p < .05) in nNOS protein levels in the SOL of old (+98%) rats ( Figure 2b ). SOL nNOS levels trended to be higher in the YE group (+22%) compared with the YS, but this was not statistically signifi cant ( p = .09). In addition, the iNOS to nNOS ratio increased with aging by a substantial 181% in the gastrocnemius, whereas exercise training markedly decreased iNOS/nNOS ratio in both young ( − 89%) and old ( − 92%) age groups (data not shown).
Protein expression of eNOS was signifi cantly ( p < .01) lower in the old ( − 67%) WG ( Figure 3a ) . Exercise training resulted in higher eNOS protein levels ( p < .05) in the WG from both young (+57%) and old (+88%) rats. In contrast, eNOS protein expression was not signifi cantly altered as a function of age in the SOL muscle ( Figure 3b ). In addition, exercise training resulted in no effect on eNOS protein expression in the SOL.
The activity of nNOS + eNOS (constitutive NOS) was significantly lower ( − 36%) with age ( p < .001) in the WG ( Figure 4a ). Exercise training resulted in a significant increase (+26%) in nNOS + eNOS activity in the WG of the old group ( p < .05), with little change in the young group. However, nNOS + eNOS activity was not affected by age differences or exercise training in the SOL ( Figure 4b ).
Protein expression of iNOS, assessed by western immunoblot analysis, in the gastrocnemius was 118% greater ( p < .05) in old rats than in the young rats ( Figure 5a ). Exercise training decreased iNOS protein levels ( p < .05) by 62.6% in the YE group when compared with young controls. In addition, gastrocnemius iNOS protein expression was also reduced by 67.8% in the OE group when compared with the OS group ( p < .01). We were not able to detect iNOS protein expression in the SOL.
We also measured alterations in skeletal muscle iNOS activity caused by aging and exercise training. iNOS activity in the WG was dramatically increased (+119%) in OS compared with YS group ( p < .05; Figure 5b ). Exercise training resulted in a signifi cantly lower iNOS activity ( − 52%) in the old age group ( p < .05) but not in the WG samples from the young adult group. Old rats had significantly elevated ( p < .05) NOS activity (+34%) in the SOL muscle ( Figure 5c ). In addition, exercise training significantly decreased SOL iNOS activity ( − 20%) in old rats to levels similar to that found in young rats. 
Discussion
Our study resulted in a number of novel and important fi ndings. (a) Exercise training also increased nNOS protein expression in the aging WG and SOL muscles. (b) Exercise training also elevated eNOS protein levels in the WG but not in the SOL of old rats. (c) Exercise increased activity levels of constitutive NOS (nNOS + eNOS) in aging WG but not in SOL. (d) Increased age resulted in an upregulation of both iNOS protein expression and activity in rat WG, compared with young controls, and activity only in the SOL. (e) Conversely, 12 weeks of treadmill exercise training reduced iNOS protein expression and activity in skeletal muscle. Thus, we propose that exercise training appears to mitigate age-induced alterations in the NOS profi le of skeletal muscle but is infl uenced by NOS isoforms and muscle fi ber type.
Our results indicate that nNOS and eNOS protein and activity levels were lower in the WG of old rats. In contrast, exercise training resulted in an increase in nNOS and eNOS protein expression as well as nNOS + eNOS levels in the WG of senescent rats. Previous studies demonstrated that exercise and mechanical stress increased nNOS and eNOS levels in skeletal muscle of young rats ( 16 , 29 ) . In addition, Koh and ( 28 ) Tidball demonstrated in a series of NOS inhibitor experiments that constitutive NOS appears to be critical in regrowth and recovery upon reloading. NOS inhibition also attenuated increases in VEGF mRNA by exercise ( 41 ) . However, the current study is the fi rst to show that inducibility of nNOS and eNOS in fast-twitch muscle to treadmill exercise training is still retained with advancing age.
Skeletal muscle nNOS has its discrete localization to the sarcolemma in conjunction with a complex of transmembrane and cytoskeletal dystrophin. It is shown to play a role in the regulation of glucose uptake ( 42 ) , contractile activity ( 15 ) , and blood fl ow ( 43 ) . However, little is known about the functional importance of nNOS localization in skeletal muscle. Thomas and colleagues ( 44 ) demonstrated that appropriate membrane targeting of nNOS by alpha-syntrophin is required for vasomodulation by skeletal muscle -derived • NO implicating for the potential gene therapy strategies to treat muscular dystrophy. In addition, recent study using muscle from transgenic mdx mice and Becker muscular dystrophies patients suggests that nNOS is a marker for complete restoration of the dystrophin-associated complex ( 45 ) . eNOS is known to be an essential enzyme for vascular function and has been shown a specifi c localization in skeletal muscle mitochondria.
• NO produced by eNOS is playing an important role in the regulation of skeletal muscle blood fl ow by interaction with other vasodilators ( 46 -48 ) .
Given the locations of nNOS and eNOS in the cytoskeleton and mitochondria, respectively, it is logical that exercise may promote upregulation of constitutive NOS through mechanical and metabolic stress. Previous reports indicate that exercise training increases nNOS and eNOS of the gastrocnemius and diaphragm of young adult rats ( 16 , 29 , 49 , 50 ) . In addition, Tidball and colleagues ( 29 ) found that nNOS increased with loading, thus fortifying the hypothesis that changes in mechanical stress alter nNOS levels in skeletal muscle. Using an eNOS knockout model, Momken and colleagues ( 51 ) demonstrated the requirement of eNOS in protecting skeletal muscle mass and metabolic enzymes responding to exercise training. Recent study shows that eNOS( − / − ) mice had signifi cantly lower oxygen consumption and energy expenditure and, of importance, with defective mitochondria, as evidenced by a decreased beta-oxidation. In addition, impaired mitochondrial betaoxidation was linked with an elevated free fatty acid and triglyceride in the gastrocnemius muscle ( 52 ) . A series of NOS inhibition experiments by Criswell and colleagues ( 40 , 53 ) also indicated that hypertrophy and fi ber-type response to overloading are NOS dependent, with the most likely candidate nNOS. Thus, constitutive NOS isoforms appear to be critical in adaptation of mass and fi ber-type profi le to mechanical and metabolic stress ( 29 , 40 , 53 ) .
Our results show that although nNOS protein expression was inducible with exercise training in the SOL muscle from old rats, eNOS protein levels as well as eNOS + nNOS activity were unaltered. These data indicate a muscle fi ber type -specifi c eNOS response to exercise training. Our data suggest that exercise training may be able to ameliorate loss of mass with aging, possibly through upregulation of nNOS and eNOS in fast-twitch muscle fi bers, which are more susceptible to fi ber atrophy and cell loss ( 26 , 27 ) . It is possible that exercise-induced alterations in eNOS protein levels in the endothelium of arterioles affected our results in the SOL and gastrocnemius. However, Spier and colleagues ( 54 ) found using a similar exercise training protocol that arteriole eNOS levels were increased in SOL, inconsistent with our whole muscle data ( Figure 4 ) . It is also recently reported that 10 -12 weeks of treadmill exercise training ameliorated the age-induced reduction of the acetylcholine-mediated vasodilatation in highly oxidative SOL muscle arterioles via increased eNOS protein expression ( 55 ) . In addition, arterioles make up 1% or less of muscle mass and eNOS is primarily localized in association with mitochondria in skeletal muscle ( 56 ) . Thus, arteriole eNOS did not suggest a signifi cant influence on whole muscle eNOS levels, but did suggest differential inducibility of eNOS protein levels in the vasculature versus intramyocyte locations .
Growing evidence demonstrates that endothelium-dependent, • NO-mediated vasodilation is actually augmented by exercise training and increased endothelial • NO formation mostly by eNOS appears to have a role in the atherosclerotic disease ( 57 , 58 ) . Gill and colleagues ( 59 ) also demonstrated a complete restoration of endothelium-dependent coronary relaxation during cardiac recovery from chronic heart failure by phosphorylation of eNOS prompting a restoration of • NO production. Interestingly, antioxidant supplementation including vitamin C, coenzyme Q, and alpha-tocopherol before exercise enhanced the contractioninduced increase in eNOS mRNA. This observation implies that reactive oxygen species (ROS) should be involved in the regulation of eNOS and suggests that intervention using antioxidant supplementation may be benefi cial in certain diseases associated with impaired eNOS levels ( 60 ) . Regarding the time course of the effect of exercise training on • NO vasodilator function, short-term exercise training appears to enhance eNOS and • NO bioactivity regulating shear stress homeostatically. After long-term training, structural adaptation occurs, possibly in part due to • NOdependent structural changes in the vessels, resulting in an increase in lumen diameter ( 61 , 62 ) .
As far as new aspects of the location of NOS are concerned, recent immunohistochemistry study showed that all three NOS isoforms are coexpressed in human skeletal muscles ( 63 ) and showed strong NOS expression in fast-oxidative glycolytic fi bers, whereas oxidative or glycolytic fi bers showed only weak NOS expression suggesting that • NO may be involved in the oxidative metabolism in connection with fast force development. Buchwalow and colleagues ( 64 ) also demonstrated that three NOS isoforms coexisted not only in the sarcolemma but also in the intracellular compartments such as sarcoplasmic reticulum, mitochondria, and along contractile fi bers. Localization of NOS both in the mitochondria and along contractile fi bers emphasizes the role of • NO in the respiratory and contractile functions of the skeletal muscle. A growing body of evidence suggests that • NO modulates mitochondrial respiration via cytochrome c oxidase activity ( 65 -68 ) .
To our knowledge, these are the fi rst data to indicate that aging increases iNOS protein levels and activity in fast (type II) and activity levels in slow (type I) skeletal muscle. Increased levels of iNOS ( Figure 5 ) in aging skeletal muscle support the hypothesis that aging increases the proinfl ammatory state. Upregulation of iNOS in aging skeletal muscle is also consistent with data from other tissues (e.g., brain, heart, liver, kidney) that indicate proinfl ammatory pathways become elevated as aging progresses ( 11 , 12 , 69 ) . Indeed, a direct relationship between elevated levels of iNOS, • NO, and protein nitration with impaired function has been observed in a number of tissues ( 13 , 70 ) . Previously, iNOS gene expression was increased with age in the kidney ( 14 ) , vascular smooth muscle ( 71 ) , and heart ( 69 ). In addition, protein nitration in the liver and subcortical brain also increased with aging ( 13 , 72 ) . In contrast, caloric restriction protected against age-induced elevation in protein nitration, indicating reduced nitrosative and oxidative stress ( 70 ) . Yang and colleagues ( 69 ) demonstrated that reduction of iNOS activity through both pharmacological (e.g., aminoguanidine) or genetic (iNOS KO) means signifi cantly protected old hearts from age-related impairment of ejection fraction, stroke volume, and pressure generation. When combined with our data, we suggest a systemic age-induced increase in iNOS consistent with the iNOS theory of aging model ( 13 ) .
Skeletal muscles from old animals are more susceptible to injury and infl ammation myopathies related to oxidative stress than those from young animals ( 3 , 73 ) . In addition, clinical infl ammatory myopathies increase as a function of age ( 73 ) . Moreover, aging also increases susceptibility of skeletal muscle to myotoxicity from excess • NO ( 74 ) . The pathological importance of age-induced upregulation of iNOS protein expression and activity in skeletal muscle ( Figures 2 and 3 ) could be linked to a role of iNOS in ageinduced increase in apoptosis ( 70 ) and impaired contractile function ( 75 ) .
Although a direct causal link between age-induced elevation of iNOS and impaired skeletal muscle contractile function has not been tested, iNOS upregulation is a commonality among numerous pathologies and models that result in skeletal muscle wasting ( 20 , 22 , 76 ) . Growing evidence links upregulation of iNOS and proinfl ammatory signaling with skeletal muscle wasting, impaired function, and damage in a number of pathologies including heart failure, chronic obstructive pulmonary disease (COPD), AIDS, cancer, sepsis, and t ype II diabetes ( 7 , 20 , 76 -79 ) . For example, iNOS levels were markedly increased in skeletal muscle of chronic heart failure patients, and iNOS upregulation was linked to exercise intolerance ( 6 , 23 , 76 , 77 ) . Gielen and colleagues ( 76 ) also observed elevated levels of nitrotyrosine in skeletal muscles of chronic heart failure patients. Our laboratory previously demonstrated that a 158% elevation in iNOS protein expression occurs concomitant with 50% muscle atrophy in the SOL with 28 days of unloading ( 73 ) . It is possible that exercise-induced downregulation of iNOS protein expression and activity in skeletal muscle, particularly in fast-twitch muscle, could protect against weakness, wasting, and apoptosis ( 27 ) . This is a focus of future investigations.
Exercise-induced downregulation of iNOS with a concomitant upregulation of nNOS and eNOS is consistent with exercise modulating a shift toward more of a contractile and less of an infl ammatory role for NOS ( 13 ) . The shift in the NOS isoform profi le could alter the role of • NO in skeletal muscle due to changes in location, • NO fl ux, localized changes in production of superoxide and other ROS, peroxynitrite generation, reduced glutathione concentration, and so forth. Potential upstream mechanisms that could contribute to age-induced upregulation of skeletal muscle iNOS levels include cytokines, such as TNF-a and IL-1ß, and NF-k B ( 80 , 81 ) . iNOS may be upregulated by cytokines through the cytokine response element or through binding of activated NF-k B to the promotor region of the iNOS gene ( 1 , 20 , 21 ) . Cytokines are postulated as critical mediators of elevated NF-k B and iNOS levels in skeletal muscle in heart failure patients ( 7 , 77 , 82 ) . Conceptually, exercise-induced reduction in proinfl ammatory cytokines and oxidative stress, upstream to iNOS, in the elderly adult may be an immunologic adaptation that could provide protection against cachexia, muscle damage, and infl ammatory diseases ( 82 ) . Regular exercise and physical activity appear to reduce proinfl ammatory cytokines in aging individuals ( 83 , 84 ) . Reduction of cytokines and infl ammation may protect against loss of strength and sarcopenia in aging muscles ( 85 , 86 ) . Interestingly, recent data indicate that exercise elevates NF-k B in skeletal muscle, which is critical in cell signaling, protein production, and cell protection ( 27 , 50 ) , suggesting that exercise may reduce iNOS levels via an alternative pathway or more directly by reducing TNF-a .
Skeletal muscle suffers wasting with advancing age because of both (a) atrophy and (b) loss of muscle fi bers, possibly through apoptosis ( 26 , 86 ) . Exercise-induced reduction of iNOS may protect against age-induced elevation of oxidative stress as well as apoptosis, which could contribute to muscle wasting via cell death and fi ber atrophy ( 26 , 87 ) . Recent data confi rmed apoptosis in the aged gastrocnemius muscle, where DNA fragmentation was increased by 50% in the old rats compared with the adult animals ( 27 , 88 ) . Adams and colleagues ( 77 ) reported that apoptosis is frequently found in skeletal muscle obtained from chronic heart failure patients and iNOS and Bcl-2 are possibly involved in the regulation of apoptosis.
Both resistive and endurance training may protect against muscle atrophy, injury, and fi ber loss in skeletal muscle, especially in type II fi bers ( 26 , 89 ) . Exercise training can reduce the risk for injury and infl ammation against mechanical and oxidant perturbations, as long as overtraining does not occur ( 90 ) . These fi ndings are consistent with a protective role of exercise training against heightened infl ammatory signaling in skeletal muscle and recent exercise data in heart failure patients. Given that the incidence of heart failure and sepsis increases with age ( 81 ), our data indicate a prophylactic and therapeutic role for habitual exercise against dysfunction in aging muscle. Indeed, exercise training signifi cantly reduced iNOS and infl ammatory cytokine levels in the muscles of heart failure patients, while increasing insulin-like growth factor (IGF-1) and cytochrome oxidase ( 76 , 91 ) . Additional study is warranted to better understand the cellular mechanisms by which changes in the NOS isoform profi le (e.g., iNOS/(nNOS + eNOS) ratio) by exercise training improves function and reduces pathology in aging skeletal muscle. 
